microRNAs (miRNAs) have a key role in regulating inflammation, vascular health and in turn, cardiovascular disease. Specifically, altered circulating expression of miR-17, miR-21, miR-34a, miR-92a, miR-126, miR-145, miR-146a, and miR-150 has been linked with the pathogenesis and progression of cardiovascular disease. The aim of this study was to determine whether the circulating profile of these vascular-related miRNAs is disrupted with hypertension. Thirty sedentary, middleaged adults were studied: 15 normotensive (10M/5F; age: 56 ± 1 year; BP: 113/71 ± 2/1 mmHg) and 15 hypertensive (10M/ 5F; 56 ± 2 year; 140/87 ± 2/2 mmHg). All subjects were non-obese and free of other cardiometabolic disorders. Circulating miRNAs were determined in plasma using standard RT-PCR techniques with miRNA primers of interest. Expression was normalized to exogenous C. elegans miR-39 and reported as relative expression in arbitrary units (AU). Circulating expression of miR-34a (9.18 ± 0.94 vs 5.33 ± 0.91 AU) was higher (~170%; P < 0.01) whereas the expression of miR-21 (1.32 ± 0.25 vs 2.50 ± 0.29 AU), miR-126 (0.85 ± 0.10 vs 1.74 ± 0.27 AU) and miR-146a (1.50 ± 0.20 vs 3.10 ± 0.50 AU) were markedly lower (~50%,~55%, and~55% respectively; P < 0.05) in the hypertensive vs normotensive groups. Moreover, circulating levels of miR-34a, miR-21, and miR-126 were significantly related to systolic blood pressure (r = 0.48, r = −0.38; r = −0.48); whereas, miR-146a was significantly related to both systolic (r = −0.58) and diastolic (r = −0.55) blood pressure. There were no significant group differences in circulating miR-17, miR-92a, miR-145, and miR-150. In summary, these results suggest that hypertension, independent of other cardiometabolic risk factors, adversely affects the circulating profile of a subset of vascular-related miRNAs that have been link to CVD risk and development.
Introduction
Hypertension, defined as a systolic blood pressure (SBP) ≥130 mmHg and/or diastolic blood pressure (DBP) ≥80 mmHg, is an independent risk factor for atherosclerotic cardiovascular disease (CVD). Adults with hypertension are two to four times more prone to develop vascular disease and suffer a myocardial infarction or stroke compared with their normotensive counterparts of similar age [1] . It is estimated that~40% of adults in the United States have blood pressure in the hypertensive range and this number is expected to increase as the population ages [2] . The mechanisms responsible for the increased risk and prevalence of CVD risk with elevated blood pressure are diverse and involve a myriad of vascular abnormalities such as, impaired vasomotor and fibrinolytic function as well as elevated vascular inflammation [3, 4] .
It is now recognized that microRNAs (miRNAs) have a central role in regulating vascular health and function [5] . miRNAs are short (18-22 nt) , single stranded, noncoding RNAs that are involved in the regulation of a number of physiological and pathological processes [5] . Circulating concentrations of a subset of miRNAs, specifically miR-17, miR-21, miR-34a, miR-92a, miR-126, miR-145, miR-146a, and miR-150, have garnered significant clinical interest due to their regulatory influence on inflammatory burden, vascular function and, in turn, cardiovascular risk and disease [5] [6] [7] [8] . Indeed, levels of these specific vascular-related miRs have been shown to be dysregulated with CVD [5] and, more importantly, may be involved in the development and progression of vascular disease and its clinical consequences [6, 8] . The influence of hypertension on the circulating profile of vascular-related miRNAs is not well understood. miRNAs may reflect not only a biomarker of vascular risk but also a therapeutic target to improve vascular health in adults with elevated blood pressure.
Accordingly, the aim of the present study was to determine whether hypertension, independent of other cardiometabolic risk factors, is associated with a disrupted circulating miRNA signature profile. Specifically, we tested the hypothesis that circulating levels of miR-17, miR-21, miR-34a, and miR-92a would be higher and miR-126, miR-145, miR-146a, and miR-150 lower in hypertensive compared with normotensive adults. The rationale for the postulated blood pressure-related differences in circulating miRNA profile is based on the directional-association of each circulating miRNA with CVD risk and outcome [5, 7] .
Methods

Subjects
Thirty sedentary middle-aged adults (51-65 years) were studied: 15 normotensive (10M/5F; blood pressure: 97-119/ 58-79 mmHg) and 15 hypertensive (10M/5F; 130-151/ 80-95 mmHg). All subjects were sedentary, non-obese, non-smokers, normolipidemic, non-medicated and free of overt cardiovascular, metabolic, renal, and hematologic disease, as assessed by medical history, resting and exercise electrocardiograms, and fasting blood chemistries. Female subjects were at least 1 year postmenopausal and had never taken or had discontinued use of hormone replacement therapy at least 1 year before the start of the study. Prior to participation in the study, all subjects had the research study and its potential risk and benefits explained before providing written informed consent according to the guidelines of the University of Colorado Boulder. This study was approved by the University of Colorado Institutional Review Board.
Blood pressure measurement
Resting blood pressure measurements were performed in the sitting position on at least two separate days at least one week apart. Subjects were instructed not to ingest caffeinecontaining beverages prior to all BP measurements. The recordings were made under quiet, comfortable ambient (~24°C) laboratory conditions. To avoid the possibility of investigator bias, measurements were made with a semi-automated device (Dinamap, Crtikon, FL) that uses an oscillometric technique over the brachial artery. Recordings were made in triplicate in the upright sitting position. All measurements conformed to American Heart Association guidelines as established by the Council for High Blood Pressure Research.
Body composition and metabolic measures
Body mass was measured to the nearest 0.1 kg using a medical beam balance. Percent body fat was determined by dual energy X-ray absorptiometry (Lunar Corp., Madison, WI, USA). Body mass index (BMI) was calculated as weight (kg) divided by height (m) squared. Fasting plasma lipid, lipoprotein, glucose, and insulin concentrations were determined using standard techniques.
MicroRNA isolation and reverse transcription quantitative polymerase chain reaction analysis (RT-qPCR)
Blood samples were collected from the antecubital vein after an overnight fast into EDTA containing tubes (BD Bioscience, Franklin Lakes, NJ, USA). Blood was centrifuged at 600×g for 20 min at 4°C. Plasma was removed and centrifuged at 1500×g for 15 min at 4°C to remove any additional cellular debris. Platelet poor plasma was aliquoted and stored at −80°C for batch analysis.
Total RNA was isolated from platelet poor plasma using the miRNeasy Serum/Plasma Kit (Qiagen, Hilden, Germany) [9] . Briefly, RNA was isolated from 100 μl of plasma using the QIAsol lysis reagent, washed and eluted in RNAse-free water. To normalize between samples 3.5 μl (1.6 × 10 8 copies μl −1 ) Canorhabditis elegans miR-39 (cel-miR-39) was added to each sample [9] . Immediately after RNA isolation, 12 μl of RNA was reverse transcribed using the miScript Reverse Transcription Kit (Qiagen, Hilden, German) [9, 10] . cDNA was PCR-amplified (BioRad CFX96 Touch Real Time System) using the miScript SYBR green PCR kit (Qiagen, Hilden, Germany) and miRNA specific primers for miR-17, miR-21, miR-34a, miR-92a, miR-126, miR-145, miR-146al and miR-150 (Qiagen, Hilden, Germany) [10] . All samples were assayed in duplicate. Relative expression level for a given miR was normalized to cel-miR-39, calculated as ΔCt = 2 −(Ct[miR]−Ct [cel-miR-39]) and expressed as arbitrary units (AU) [9, 10] .
Statistical analysis
Group differences in subject characteristics and circulating miRNA levels were determined by ANOVA. There were no significant group × sex interactions, therefore the data were pooled and presented together. Pearson correlations were determined between variables of interest. All values are expressed as mean ± SE. Statistical significance was set a priori at P < 0.05.
Results
Selected subject characteristics are presented in the Table 1 .
Other than blood pressure, there were no significant differences between groups in anthropometric or metabolic variables. Circulating levels of miR-21 (1.32 ± 0.25 vs 2.50 ± 0.29 AU), miR-126 (0.85 ± 0.10 vs 1.74 ± 0.27 AU) and miR-146a (1.50 ± 0.20 vs 3.10 ± 0.50 AU) were significantly lower (~50%,~55%, and~55% respectively) in the hypertensive compared with the normotensive group ( Fig. 1) ; whereas, miR-34a levels were~170% higher (P < 0.01) in the hypertensive (9.18 ± 0.94 AU) than normotensive (5.33 ± 0.91 AU) group (Fig. 1 ). There were no significant differences in circulating miR-17 (4.40 ± 0.81 vs 3.75 ± 0.64 AU), miR-92a (3.32 ± 0.42 vs 3.72 ± 1.01 AU), miR-145 (5.54 ± 1.10 vs 6.40 ± 0.85 AU), and miR-150 (2.91 ± 0.67 vs 3.22 ± 0.57 AU) between the hypertensive and normotensive groups (Fig. 2 ).
In the overall study population, miR-21 (r = −0.38; P < 0.05) and miR-126 (r = −0.48; P < 0.05) levels were inversely related to systolic blood pressure ( Fig. 3 ). Circulating miR-146a was inversely related with both systolic (r = −0.58; P < 0.05) and diastolic (r = −0.55; P < 0.05) blood pressure; and circulating miR-34a (r = 0.48; P < 0.05) was positively related with systolic blood pressure ( Fig. 3 ). No other miRNAs were associated with blood pressure; nor were there any significant correlations between any miRNA and other anthropometric or metabolic variables.
Discussion
Over the past decade, interest in circulating miRNAs has increased due to the role of miRNAs as important regulators of vascular function and their potential use as biomarkers and mediators of CVD [5, 7] . The key finding of the present study is that circulating levels of miR-21, miR-34a, miR-126, and miR-146a are significantly altered in hypertensive compared with normotensive adults. Circulating concentrations of miR-21, miR-126, and miR-146a were significantly lower, whereas miR-34a was significantly higher in the hypertensive adults. Disruption in the circulating profile of these vascular-related microRNAs may be a contributing factor to the increased CVD risk and prevalence associated with hypertension [1, 7] . To our knowledge, this is the first study to determine the influence of hypertension per se, on circulating miRNAs.
Previous studies have clearly demonstrated independent links between circulating miRNAs (including: miR-21, miR-34a, miR-126, and miR-146a) and both the prevention and development of vascular dysfunction and disease as well as its clinical consequences [11, 12] . From a cardioprotective perspective, miR-126 is recognized to be critical for the maintenance of vascular homeostasis [11, 13, 14] . Predominately expressed in endothelial cells, miR-126 reduces atherosclerotic lesion development by lowering the expression of proteins involved in endothelial cell activation and inflammation (e.g., HMGB1, vascular cell adhesion molecule (VCAM)-1, CXCL-12, and SPREAD-1) thereby reducing endothelial inflammation and arresting lesion development and progression [11, 14] . Thus, lower cellular expression of miR-126 promotes inflammation, endothelial cell dysfunction and reduced capacity for vascular repair [11, 13] . In addition, lower circulating levels of miR-126 has been shown to be predictive of the development of CVD [15] as well as diabetes [16] . Herein, we demonstrate that the circulating level of miR-126 is markedly lower (~55%) in adults with hypertension. Given the primary source of miR-126 expression, hypertension-related inflammation and endothelial dysfunction may be a consequence of miR-126 dysregulation [14] .
Similar to miR-126, miR-146a has a central role in vascular inflammation and reduced expression has been linked with atherogenesis [17] . Indeed, lower expression of miR-146a promotes vascular inflammation and the development of CVD in animal models [17, 18] . Moreover, in a [18] , demonstrated that exogenously increasing circulating miR-146a levels blunts the development and progression of atherosclerotic lesions in a rat model of CVD, indicating that higher circulating levels of miR-146a is cardioprotective. miR-146a is a major regulator of the inflammatory mediator, nuclear factor-κB (NF-κB). NF-κB activates the transcription of proinflammatory genes including interluekin-6 and tumor necrosis factor-α, increasing inflammatory burden [17] . In addition to inflammation, NF-κB activity contributes to the pathogenesis of atherosclerosis and has been shown to be elevated with hypertension [19] . miR-146a directly suppresses the NF-κB activation cascade [17] thereby reducing inflammatory mediators. Reduction in miR-146a may underlie the escalation in systemic inflammation associated with hypertension [18] . In addition to miR-126 and miR-146a, circulating miR-21 levels were also significantly lower (~50%) in the hypertensive compared with normotensive adults. miR-21 has been linked with both favorable and unfavorable vascular effects. For example, through the regulation of PTEN, a phosphatase involved in the suppression of cell cycling and activation of the Akt pathway [20] , miR-21 has been shown to promote cardiovascular fibrosis and myointimal hyperplasia accelerating atherosclerotic lesion formation and progression [20, 21] . Conversely, miR-21 neutralizes inhibitors of endothelial nitric oxide synthase (eNOS) protecting eNOS activity and, in turn, nitric oxide production [22] . Lower miR-21 levels in our hypertensive adults are certainly consistent with previous findings from our laboratory [4] and others [23] demonstrating that nitric oxide-mediated endothelium-dependent vasodilation is severely diminished in adults with elevated blood pressure. Interestingly, sheer stress has been shown to downregulate miR-21 expression [22] . Thus, it is possible that lower miR-21 levels associated with elevated blood pressure may be due to a shear stress related phenomenon.
Contrary to miR-21, miR-126 and miR-146a, circulating levels of miR-34a were significantly higher in the hypertensive than normotensive adults. Higher expression of miR-34a is associated with endothelial cell senescence and dysfunction and has been linked with the development of CVD [24, 25] . miR-34a promotes cellular senescence and dysfunction through the regulation of sirtuin-1 (SIRT-1) and the apoptotic protein BCL-2 [24] . Importantly, in addition Fig. 1 Circulating miR-21, miR-126, miR-146, and miR-34a in the normotensive and hypertensive adults. *P < 0.05 vs normotensive to tissue levels, circulating concentrations of miR-34a have been shown to be elevated with disease [25] . For example, circulating miR-34a has been reported to be twofold higher in adults with coronary artery disease compared with healthy controls [25] and is thought to have a contributing role in the development of heart failure and cardiac death [24, 25] . In fact, reduction in circulating levels of miR-34a in animal models has been shown to limit ventricular remodeling and cell death and improve cardiac function after myocardial infarction [24] . In the present study, circulating miR-34a was markedly higher (~170%) in hypertensive adults. Considering that elevations in blood pressure induce a prosenescent endothelial phenotype, miR-34a dysregulation may have a part in this pathology and the deleterious cardiac effects of hypertension [24] [25] [26] .
In stark contrast to miR-21, miR-126, miR-146, and miR-34a, we observed no blood pressure-related differences in circulating concentrations of miR-17, miR-92a, miR-145 and miR-150. Elevations in miR-17 and miR-92a and reductions in miR-145 and miR-150 have been linked to CVD events and outcome [7] . For example, miR-92a targets Kruppel-like factor (KLF)-2 and -4 resulting in diminished endothelial repair capacity, eNOS expression and endothelial function [6, 8, 27] . Increased cellular expression of miR-92a is etiologically involved in the formation of atherosclerotic lesions [27] and elevations in circulating levels of miR-92 have been shown to be associated with CVD [6] . Whereas, miR-145 and miR-150 confer cardioprotective effects. Indeed, miR-145-mediated reductions in vascular smooth muscle cell proliferation has been shown to blunt atherosclerotic lesion enlargement [8, 28] and miR-150 limits atherogenesis by moderating immune cell activation and secretion of cytokines as well as enhancing endothelial progenitor cell function and vascular repair [29] . Lower circulating levels of both miR-145 and miR-150 are associated with a myriad of CVD risk factors as well as vascular events [5] . Given the putative roles of these miR-NAs in the etiology of CVD, it is somewhat surprising that their circulating levels were not altered in the hypertensive adults. It is possible that the level of hypertension (stage 1 hypertension) may not have been severe enough or that other cardiometabolic risk factors (such as dyslipidemia and diabetes) or disease may have to accompany hypertension to induce changes in circulating miR-17, miR-92, miR-145, and miR-150 [7, 15, 16, 30, 31] . There are a few experimental considerations regarding the present study that deserve mention. Firstly, inherent with all cross-sectional human studies we cannot dismiss the possibility that genetic and/or lifestyle behaviors may have influenced the results of our group comparisons. However, to minimize the effects of other lifestyle behaviors, all subjects were similar in age, sedentary, nonsmokers, and not taking medication. Moreover, all subjects were carefully screened to eliminate the confounding effects of clinically overt metabolic or cardiovascular disease. The presence of other cardiometabolic risk factors, or disease, would undoubtedly influence circulating miRNAs making it difficult, if not impossible, to tease out the primary influence of hypertension [15, 16, 30, 31] . This distinction highlights the novelty of the present study. Previous studies addressing elevated blood pressure and circulating miRNAs have involved patients varying in adiposity, on various blood pressure medications, and presenting with numerous comorbidities making it difficult to discern the impact of hypertension, per se, on circulating miRNA signature patterns [30, [32] [33] [34] . Secondly, we are unable to identify which cells or tissues are involved in the production and release of miRNAs into the circulation. However, circulating miRNA levels, regardless of cell origin or mechanism of release, are highly correlated with disease [35] and disruption of the circulating miRNA milieu has been shown to provide mechanistic insight into the pathogenesis and progression of disease [5] [6] [7] . Thirdly, although we observed no significant main effect or interaction of sex on the blood pressure-related differences in circulating miRNAs, the small number of women in the present study precludes us from definitively dismissing possible sex differences with respect to the effect of hypertension on circulating miRNAs. Finally, although our study design does not allow elucidation of mechanisms, the strict inclusion/exclusion criteria employed to isolate the potential independent influence of blood pressure as well as the observed univariate correlations does suggest a primary effect of elevated blood pressure on circulating miRNAs. Future studies are needed to identify the mechanistic links between blood pressure and miRNA expression.
In conclusion, the results of the present study indicate that hypertension, independent of other cardiometabolic risk factors, adversely affects the circulating profile of a subset of vascular-related miRNAs. Blood pressure-related changes in circulating concentrations of miR-21, miR-34a, miR-126, and miR-146a may have a role in the increased risk of vascular disease and associated events in adults with Association between hypertension and circulating vascular-related microRNAs hypertension. To be sure, the observed disruption in these miRNAs is consistent with the aberrant circulating miRNA signature noted to be associated with CVD pathogenesis, progression and prognosis [5] .
Summary
What is known about topic?
• Hypertension is an independent risk factor for atherosclerotic CVD. The mechanisms responsible the increased risk and prevalence of CVD risk with elevated blood pressure are diverse and involve a myriad of vascular abnormalities as well as elevated vascular inflammation.
• It is now recognized that miRNAs have a central role in regulating vascular health and function as well as disease pathogenesis.
• Clinical interest in circulating concentrations of a subset of miRNAs, specifically miR-17, miR-21, miR-34a, miR-92a, miR-126, miR-145, miR-146a, and miR-150, has increased due to their regulatory influence on inflammatory burden and CVD risk.
What this study adds?
•
The key finding of the present study is that hypertension, independent of other cardiometabolic risk factors, adversely affects the circulating profile of a subset of vascular-related miRNAs. Specifically, circulating levels of miR-21, miR-34a, miR-126, and miR-146a are significantly altered in hypertensive compared with normotensive adults.
The hypertension-related dysregulation in miR-21, miR-34a, miR-126, and miR-146a is consistent with the aberrant circulating miRNA signature noted to be associated with CVD pathogenesis, progression, and prognosis.
• Increased vascular risk with hypertension may be mediated, in-part, by changes in miRNA expression.
